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The structure of an RNA dodecamer shows how tandem U–U
base pairs increase the range of stable RNA structures and 
the diversity of recognition sites
Susan E Lietzke, Cindy L Barnes, J Andrew Berglund and Craig E Kundrot*
Background:  Non-canonical base pairs are fundamental building blocks of RNA
structures. They can adopt geometries quite different from those of canonical
base pairs and are common in RNA molecules that do not transfer sequence
information. Tandem U–U base pairs occur frequently, and can stabilize duplex
formation despite the fact that a single U–U base pair is destabilizing.
Results:  We determined the crystal structure of the RNA dodecamer
GGCGCUUGCGUC at 2.4 Å resolution. The molecule forms a duplex
containing tandem U–U base pairs, which introduce an overall bend of 11–12°
in the duplex resulting from conformational changes at each interface between
the tandem U–U base pairs and a flanking duplex sequence. The formation of the
U–U base pairs cause small changes in several backbone torsion angles; base
stacking is preserved and two hydrogen bonds are formed per base pair,
explaining the stability of the structure.
Conclusions:  Tandem U–U base pairs can produce stable structures not
accessible to normal A-form RNA, which may allow the formation of specific
interfaces for RNA–RNA or RNA–protein recognition. These base-pairs show an
unusual pattern of hydrogen-bond donors and acceptors in the major and minor
grooves, which could also act as a recognition site.
Introduction
Non-canonical base pairs occur frequently in naturally
occurring RNAs as conserved structural building blocks.
The canonical base pairs G–C, A–U and G–U convey
primary structure information in transcription and transla-
tion, and adopt similar geometries. In contrast, RNA
sequences that do not bear sequence information can
exploit the full range of possible base pairing interactions
to produce functional structures. Twenty-five potential
non-canonical base pairs containing two hydrogen bonds
have been hypothesized [1]. Still more possibilities arise if
one includes the possibility of water molecules that bridge
two bases as seen in C–U base pairs [2]. Non-canonical
base pairs adopt geometries quite different from those of
canonical base pairs and are very common in RNA mol-
ecules whose primary purpose is not the transfer of infor-
mation through primary and secondary structure. For
example, 3% of the base pairs in 16S and 23S rRNA are
G–A and 1% are U–U [3]. When other non-canonical base
pairs such as C–C, A–A, and G–G are included, the total
percentage of non-canonical base pairs in rRNA is 6%.
Comparative sequence analysis shows that non-canonical
base pairs often interconvert exclusively with other non-
canonical base pairs, for example, A–A interconverting
with G–G [3]. Non-canonical base pairs are, therefore,
essential structural building blocks rather than errors in
less critical parts of the structure.
Non-canonical base pairs can be functionally important in
at least two ways: adopting unusual structures and altering
the stability of base paired regions. The structure of non-
canonical base pairs deviates from the familiar A-form
geometry of RNA and can therefore affect interactions
with proteins or other RNA molecules. Such non-canoni-
cal structures may interact directly with other molecules or
they may position other parts of the RNA molecule in the
correct orientation for interactions to take place. Non-
canonical base pairs could also be used to tune the stability
of a duplex, allow the formation of alternate secondary
structures [4] or refine the turnover rate of the molecule in
the cell. Non-canonical base pairs can stabilize or destabi-
lize double-stranded helices [5–8]. A thorough study of the
stability of tandem mismatches as a function of the flank-
ing sequences [5] showed that GA, AG and UU sequences
can stabilize duplexes. The stability, however, depends
heavily on the base pairs flanking the 5′ and 3′ ends of the
non-canonical base pairs.
U–U base pairs occur in several RNAs [9–11]. The dode-
camer examined in this study, GGCGCUUGCGUC
(‘CUUG’), provides an example of a tandem U–U base
pair, that is, two consecutive U–U base pairs. Single U–U
base pairs destabilize a helix [7,12], but with the right com-
bination of flanking base pairs, tandem U–U base pairs can
stabilize a duplex [5]. Consistent with the thermodynamic
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stabilization, NMR data show evidence that the CUUG
duplex forms U–U base pairs [13]. The crystal structure of
tandem U–U base pairs flanked by G–U base pairs, instead
of C–G base pairs (the ‘UUUG’ dodecamer), shows one
U–U base pair making two hydrogen bonds and the other
base pair making only one hydrogen bond [14].
This paper describes the structure of tandem U–U base
pairs flanked by C–G base pairs in the molecule CUUG.
This sequence stabilizes duplex formation from single-
stranded RNA [5]. The structure of the U–U base pairs in
the stable CUUG sequence is different from that of the
U–U base pairs in the UUUG sequence and shows how
tandem mismatches can redirect the path of duplex RNA in
different ways. The structural differences also help explain
why the stability of the sequences varies.
Results and discussion
Structure solution and refinement
This paper describes the crystal structure of the RNA
dodecamer duplex CUUG (Fig. 1a). The oligonucleotide
contains the tetraloop sequence CUUG [15]. At low salt
concentrations, the dodecamer forms a hairpin loop, but at
the salt concentrations used for crystallization, the dode-
camer forms a duplex [16]. The structure of the CUUG
dodecamer was solved by a combination of molecular
replacement and single isomorphous replacement tech-
niques (as described in the Materials and methods). The
structure of the dodecamer was refined with X-PLOR [17]
to a crystallographic R value of 19.1% and R free of 24.0%,
for 5142 reflections greater than 2s in the 8.0–2.4 Å resolu-
tion shell. The geometry is reasonable; root mean square
deviations (rmsd) from ideality are 0.01 Å in bond length,
1.26° for bond angles, 8.0° for dihedral angles, and 1.50°
for improper angles. The final model contains two inde-
pendent copies of the dodecamer duplex, helix I and helix
II, and 158 solvent sites in the asymmetric unit. Helix I
and helix II are both numbered from G1 to C24 (Fig. 1a).
Global structure and backbone geometry
The two CUUG dodecamer duplexes in the asymmetric
unit form very similar antiparallel double-stranded helices.
The rmsd for all atoms between helix I and helix II is
0.4 Å, when G1 of helix I is aligned with G1 of helix II,
and 0.6 Å, when G1 of helix I is aligned with G13 of helix
II (Fig. 1b,c). Each CUUG dodecamer has approximately
twofold symmetry (rmsd=0.5–0.6 Å) and can be thought of
as comprising two copies of a hexamer duplex; for
example, one copy would be G1–U6 :U19–C24. These
four hexamers in the asymmetric unit are very similar
(rmsd=0.4–0.5 Å), indicating that the structure of the
hexamer is independent of its microenvironment in this
crystal form. The similarity of the hexamer structures,
despite the differences in the packing environments, sug-
gests that the structure adopted in the crystal reflects the
real average structure in solution.
The backbone torsion angles do not, in general, deviate
much from values observed for A-form RNA. The average
pseudo-rotation angle (and standard deviation) for the
ribose rings in the two helices is 14.2° (6.9°), normal for the
A-form North or C3′-endo conformations. The backbone
torsion angles are within the range typically observed in A-
form RNA [18,19], with the exception of two residues.
The average values of the torsion angles (and standard
deviations) are: a=278.9° (47.5°), b=177.4° (12.8°), g=59.1°
(43.0°), d=82.6° (3.8°), e=206.4° (7.8°), z=287.5° (9.5°) and
c=200.1° (8.3°). When the two outliers in a and g are
excluded, the average values of a and g are 294.6° (10.0°)
and 50.8° (8.6°), respectively. The two exceptions are a
‘crankshaft rotation’ of a and g that occurs at one
nucleotide in each helix: C17 in helix I and U7 in helix II.
The crankshaft rotation changes the value of a from ≈290°
to 111.0° and 42.8°, for C17 and U7 respectively, and
changes g from ≈50° to 190.5° and 310.4°, for C17 and U7
respectively. The pseudo-rotation angles of residues U7
and C17 must change along with the crankshaft motion
[20]; they are the only two residues in the structure that
adopt pseudo-rotation values for the C2′-endo conforma-
tion: –11.3° and –3.6°, respectively. One of the residues is
involved in a crystal contact (C17 2′OH in helix I hydrogen
bonds with the U23 O2P of helix II), but none of the
atoms defining the torsion angles are involved in the con-
tacts. When the four hexamers are superimposed, the
crankshaft motion produces a shift of the base of ≤ 0.8 Å
and a shift of the non-bridging oxygens of ≤ 1.7 Å. Thus,
this type of crankshaft motion can modulate the detailed
structure of a local region by a significant amount.
The phosphate–phosphate distances fall within the
‘normal’ range for A-form RNA helices, but both the major
and minor grooves are narrower than in an A-form RNA
helix (Fig. 1d). Helices I and II have an average phos-
phate–phosphate distance of 5.7 Å (standard deviation 0.3
Å), which is close to the A-form value of 5.65 Å. In A-form
RNA, as determined by fiber diffraction, the major groove
is 4.1 Å wide and the minor groove 11.3 Å wide [21]. The
major groove width of the CUUG helices is 3.1 Å (stan-
dard deviation 0.8 Å). The major groove contracts sharply
in the region around the U–U base pairs (Fig. 1d). The
minor groove width is 9.8 Å (standard deviation 1.1 Å),
also less than in A-form.
Despite having only small deviations in backbone parame-
ters from A-form RNA, neither CUUG helix superimposes
well onto A-form RNA. The CUUG structures superim-
pose on an A-form helix with an rmsd of 1.8 Å for all atoms
and 1.6 Å for backbone atoms. When the first five base
pairs of either CUUG helix are superimposed on the first
five base pairs of an A-form helix, the terminal base pair of
the CUUG dodecamer superimposes closely to the penul-
timate base pair of the A-form dodecamer. In other words,
the CUUG dodecamer is shorter than A-form by one base
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Figure 1
The CUUG duplex. (a) Schematic diagram of the CUUG duplex, non-
canonical base pairs are shaded gray and canonical base pairs are
white. (b) Stereo view of helix I, the positions of the nucleotides 1 and
13 are marked. (Figure prepared with the program MOLSCRIPT [38]).
(c) Helix I (turquoise) superimposed on helix II (purple). All atoms were
used for the superposition (rmsd=0.4 Å). (d) Helix I (turquoise)
superimposed onto an A-form helix (yellow). All atoms were used for
the superposition (rmsd=1.8 Å).
pair. The long axis of the last base pair, however, is ori-
ented between the axes of the eleventh and twelfth base
pairs of the A-form RNA. So, in terms of the position of
the terminal base pairs, the CUUG dodecamer is a close,
but not exact, replacement for an A-form undecamer (11
base pair duplex). 
Distance matrix analysis
The structures of the CUUG helices were also compared to
A-form RNA using difference distance matrices (DDM)
[22,23]. The distance matrix of a molecule contains ele-
ments dij that equal the distance between atoms i and j.
The difference distance matrix for a structure that under-
goes a change is the difference between two distance matri-
ces: ∆ij=dij(final)–dij(initial). Invariant, or ‘rigid’, regions will
have difference distance elements equal to or close to zero.
The major advantage of this method is that it is indepen-
dent of both superposition (unlike rmsd calculations) and
local frames of reference (unlike helical parameter calcula-
tions). We compared helices I and II of CUUG to the same
sequence in the ideal A-form conformation to determine
which parts of the structure deviate the most from A-form.
For simplicity, we will describe these changes as ‘motions’.
We calculated the standard DDM between all 504 atoms
in the structure as well as an rms residue average DDM
(ADDM). The elements in the ADDM, Dlm, are equal to
the average value of DDM elements ∆ij squared, where
the average is calculated over all atoms i in residue l and
all atoms j in residue m, (Dlm=<∆ij2>1/2). The DDM and
ADDM show the same trends, but the ADDM is easier to
analyze (Fig. 2a).
The ADDM shows which regions of the structure are most
like A-form RNA. Square submatrices centered on the
dashed diagonal contain distances between base paired
residues. An absence of elements above a specified cut-off
in these submatrices indicates which duplex regions are
most like A-form RNA. Square submatrices centered on
the solid diagonal contain distances between contiguous
residues of one strand. There is a tendency for these ele-
ments to have lower values than the rest of the ADDM
because bases tend to move in the plane of a base pair, that
is, approximately perpendicular to vectors between atoms
in different residues. Movements perpendicular to inter-
atomic vectors will produce a small change in the inter-
atomic distance. At the 1.0 Å cut-off level, the ADDM for
CUUG only shows large blocks of rigid nucleotides near
the solid diagonal as a result of this tendency of nucleotides
to move in the plane of the base pair.
The 1.5 Å cut-off level shows that the regions that are most
like A-form RNA occur in blocks. Along the dashed diago-
nal residues 1–5, 20–24 and 8–17 are most like A-form
RNA. These duplex regions are at the ends of the duplex
and are separated by the U–U base pairs. Superposition of
A-form and CUUG molecules using the terminal duplex
regions (e.g. residues 1–5 and 20–24), results in an appar-
ently complex structural change that is not easily described
in a qualitative manner. A clearer impression of this struc-
tural change is obtained by superimposing consecutive
residues from one of the two strands. Along the solid diago-
nal residues 1–4, 4–9, 9–16, 16–22 and 20–24 are most like
A-form. Superposition using residues 4–9 shows that the
two duplex regions that flank the tandem U–U base pairs
undergo different motions (Fig. 2b). The bottom region,
(residues 1–5 and 20–24), shows a striking swinging motion
while the top region, (8–17), shows much less of a swinging
motion. Both top and bottom stem regions are compressed
relative to A-form RNA; they have an average helical rise of
2.4 Å, while the A-form has an average helical rise of 2.8 Å. 
The relative motions of the top, middle and bottom sec-
tions of the helix can be quantitated by determining the
helical axes for the top and bottom sections and comparing
them to the helical axis for the middle region. The CUUG
helix was superimposed on A-form RNA using residues
4–9. The helical axis was then calculated for the top
(residues 8–17), and bottom (residues 1–5 and 20–24)
regions of CUUG and compared to the helical axis of the
A-form duplex. The bottom helical axis makes an angle of
14–16° with the A-form axis, demonstrating the swinging
motion. The top helical axis makes an angle of only 7–10°
with the A-form axis, illustrating the smaller swinging
motion that is observed. The angle between the top and
bottom helical axes is 11–12°, therefore the insertion of
this structure into a longer helical section would introduce
an overall bend of 11-12°. Thus, superimposing the struc-
tures using the most invariant region in the middle of the
molecule allows one to differentiate the effect on the two
different flanking regions.
For both the top and bottom stems, the rotations result
from changes in several backbone torsion angles. The rota-
tion of the bottom stem is most localized. The largest con-
tribution to the rotation of the bottom stem is a 9° rotation
about the g torsion angle of U6. This is not a large change
in g compared to the standard deviation in helices I and II
(8.6°). The rotation of the top stem is even less localized.
Base pairs
The U–U base pairs are the most unusual base pairs in the
structure. Each U–U base pair makes two direct hydrogen
bonds (Fig. 3). No well-defined solvent sites mediate
hydrogen bonds between the uridines, nor are there any
conserved solvent sites in the major or minor grooves that
stabilize the U–U base pairs or the base step between
them. Rather, the O2 and N3 of one uridine hydrogen
bond directly to the N3 and O4 of the other uridine. The
hydrogen bond lengths between the bases are between
2.6–3.0 Å. To make these hydrogen bonds between two
pyrimidines, the distance between the C1′ atoms in the
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base pair must narrow from a value of 10.5 Å observed for
canonical base pairs to 8.1–8.7 Å (Table 1). Both C1′ atoms
move towards each other and towards the helical axis (thus
reducing the X-displacement, Table 1) to close the gap. To
orient the hydrogen bond donors and acceptors correctly,
the bases must also be rotated with respect to one another.
The l angle (defined as the N1–C1′–C1′ angle) provides a
measure of this rotation. The value of the l angle ranges
from 51°–60° in Watson–Crick base pairs and from 44°–69°
in the G–U ‘wobble’ base pairs in CUUG (Table 1). The
uridine that contributes an O4 to the base pair has a regular
l value of 47–50°. The other uridine, which contributes
the O2 to the U–U base pair, has an unusually high value
of 78–80°, which makes this base ‘open’ towards the major
groove. We refer to the base with a high l angle as adopt-
ing an open conformation, while the base with the lower
(normal) l angle adopts a closed conformation. The elec-
tron density around the U–U base pairs is very clear and
there is no indication that any of the uridines alternate
between open the and closed conformation. In summary,
the combination of the translation along the C1′–C1′ direc-
tion and rotation about the l angle moves the uridine bases
closer together and towards the helical axis, rotating one
base towards the major groove.
The base pairing pattern of the U–U base pairs drives the
different motions of the top and bottom stems described
in the previous section. U6 forms a hydrogen bond with
U19(N3) through its O2 atom while U19 forms a hydrogen
bond with U6(N3) through its O4 atom (Fig. 3). Similarly,
the U7–U18 base pair has interactions U18(O2)–U7(N3)
and U7(O4)–U18(N3). The open conformation of U6
requires its base pair partner, U19, to move towards the
minor groove side of U6, this requires a large movement,
especially for the backbone. To quantitate these move-
ments, residues 4–9 of CUUG were superimposed on A-
form RNA with the same sequence. Compared to the
A-form conformation, U19(N3) must move 2.3–2.5 Å and
U19(P) must move 3.6–4.3 Å. This motion produces the
14–16° rotation of the bottom part of the duplex stem. In
contrast, U18 moves towards the major groove side of U7
and requires smaller displacements. Compared to the A-
form conformation, U18(N3) must move 1.3–1.8 Å and
U18(P) must move 2.0–2.5 Å. This movement only pro-
duces a 7–10° rotation of the top part of the duplex stem
(Fig. 2b). 
Unlike canonical base pairs, each U–U base pair presents
two hydrogen bond acceptors in the major groove, two
hydrogen bond acceptors in the minor groove and no
hydrogen bond donors in either groove. Although the two
acceptors are close to each other (3.4–3.9 Å), because one
uridine is in an open conformation and the other in a
closed conformation, only one of the oxygens is very
solvent accessible. For example, in the very accessible
minor groove, the O2 of U19 (in the closed conformation)
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Figure 2
Average difference distance matrix (ADDM). (a) The matrix contains
elements Dlm (see text) with values 1.0 Å < D ≤1.5 Å, 1.5 Å
< D ≤2.0 Å and 2.0 Å < D indicated by open circles, gray circles and
black circles, respectively. The upper and lower matrices compare helix
I and helix II, respectively, to A-form RNA. The bold line between
residues 12 and 13 delineates the two strands and the lines flanking
residues 6–7 and 18–19 delineate the tandem U–U region. The
dashed line indicates elements between base-pairing residues. 
(b) Stereo view of helix I superimposed onto an A-form helix using
residues 4–9 (rmsd=1.1 Å). The A-form model is shown in light gray
and the CUUG helix in dark gray. The phosphorous atoms are shown
as spheres. (Figure generated with MOLSCRIPT [38].)
is mostly inaccessible and the atoms available for hydrogen
bond formation are U6(O2′), U6(O2) and U19(O2′). In the
major groove, however, U19(O4) is more solvent accessible
than the U6(O4).
The non-Watson–Crick G–U base pairs in CUUG are
similar to G–U base pairs seen previously [2,14,24]. Two of
the G–U base pairs are involved in crystal packing interac-
tions through their 2′OH or minor groove atoms. At one of
the remaining G–U base pairs, a solvent site, presumably
water, mediates a hydrogen bond between the 2′OH and
the G(N2) as observed in previous structures [2,24]. Unlike
the environment around the U–U base pairs, there are
solvent sites in the major and minor groove around all of the
G–U base pairs. The remaining base pairs in the helix are
all canonical base pairs and exhibit typical Watson–Crick
geometry (Table 1).
Base steps
The base step between the U–U base pairs in each CUUG
helix is also very different from that observed in A-form
RNA (Table 1, Fig. 4a). These base steps have a large
negative slide (–2.2 and –2.5 Å) and high twist (55–57°).
The average base-step slide in the CUUG helices is
–1.4 Å (–1.5 Å for A-form) and the average twist is 34.3°
(32.7° for A-form). The rise of the base step between the
U–U base pairs is very small: only 1.5–1.6 Å compared to
the average value within the dodecamer of 2.3 Å (2.8 Å for
A-form). The base steps on either side of the U–U base
pairs also have unusually short rises.
The base step between the two U–U base pairs is flexible.
When the first five base pairs of each of the four hexamer
copies are superimposed, the rmsd for superimposed
atoms is 0.3–0.5 Å. The rmsd for the U6–U19 base pair is
0.4–0.7 Å, and the rmsd of the next base pair, U7–U18, is
0.5–1.0 Å (Fig. 4b). So, while the U–U base step is sym-
metric in terms of hydrogen bonding arrangements and l
values, it is asymmetric in terms of the precise positions of
the atoms.
The base steps flanking the tandem U–U base pairs
dictate which uridine will be in the open conformation.
These base steps are between a U–U base pair and a C–G
base pair. The U–U base pair slides towards the helix axis
by ≈1 Å (X-displacement) and maintains a twist of nearly
30° with the adjacent C–G base pair (Fig. 4c). The rise of
these base steps is shorter, 1.8–2.1 Å, than the helical
average of 2.3 Å (Table 1). The stacking of this base step
seems to determine which uridine is in the open confor-
mation (l≈80°). For example, U6 is open because it can
still stack well upon the C5–G20 base pair (Fig. 4c). U19
does not stack particularly well upon the C–G base pair in
the closed conformation, but it would not stack at all in
the open conformation. U6, therefore, adopts the open
conformation rather than U19.
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Figure 3
The U–U base pairs. (a) Representative
section of the final 2Fo–Fc electron-density
map. Stereo view of the U6–U19, and
U7–U18 base pairs in helix I with the 2Fo–Fc
map contoured at 1s. (b) Ball-and-stick
diagram showing the base pairing between
U6 and U19. Two hydrogen bonds are
formed: between U6(O2)–U19(N3) and
between U6(N3)–U19(O4). The hydrogen
bonds are indicated by the dashed lines. The
l angle (N1/N9–C1′–C1′) values are shown;
the dotted line indicates the C1′–C1′ line
segment used to define the angle l. U6 is in
the open conformation, and U19 is in the
closed conformation (see text). Oxygen atoms
are shown in red, nitrogen atoms in blue,
phosphorous in magenta, and carbon in
green. (Figure generated with MOLSCRIPT
[38].)
Solvent
The O1P and 2′OH groups have the largest number of
neighboring solvent sites in the structure. Of 158 solvent
sites in the asymmetric unit, 126 make direct contacts with
RNA. Of those making direct contacts to RNA, 70%
contact the backbone, 14% contact the major groove, 6%
contact the minor groove, and 10% contact both the back-
bone and the major or minor groove. The O1P atoms
which face the major groove are the most solvated; 73%
have a solvent site nearby whereas only 46% of the O2P
atoms have a solvent site nearby. The 2′OH groups are
also highly solvated. Of the 2′OH groups, 56% have a
solvent site nearby; 17% of the 2′OH interact with a
solvent site that also contacts a pyrimidine O2 or guano-
sine N3. There are no cases where a solvent site bridges
O1P and O2P of the same nucleotide. The bridging
oxygen atoms have many fewer solvent sites nearby; only
19% of the 3′O and 6% of the 5′O have nearby solvent
sites. Eight percent of the 4′O are solvated and another
15% could form a hydrogen bond with a neighboring
2′OH. Ten solvent sites directly bridge atoms in strands
from helix I and helix II. The solvation trends observed in
the CUUG structure are similar to those reported for other
RNA duplexes [19,25].
No distinct patterns of hydration were observed in either
the major or minor groove. In both grooves, the guanosines
have the most ordered solvent sites nearby. Solvent sites
are located within 3.5 Å of ten of the twenty G(N7), but
only three of the twelve U(O4) and two of the twelve
C(N4) are solvated. In the minor groove, nine of the
twenty G(N3) have a solvent site nearby while only one of
twelve U(O2) and three of twelve C(O2) are solvated.
Intermolecular contacts 
Helices I and II stack with symmetry related helices to
form quasi-continuous helices in the crystal that are 90° to
each other (Fig. 5a). Helix I runs in the direction of (but at
a slight angle to) the unit cell a axis and helix II runs paral-
lel to the b axis. In both cases, the backbone of one helix
fits into the minor groove of the other helix (Fig. 5b,c).
Water molecules, but no identifiable ions, mediate the
interaction. Two contacts occur between the helices.
Contact one involves 13 direct hydrogen bonds between
the two helices, eight of which involve 2′ OH (Table 2,
Fig. 5b). Contact two involves eight direct hydrogen
bonds, of which five involve 2′ OH (Table 2, Fig. 5c).
Solvent molecules make an additional 11 interactions in
the first contact and nine in the second. While 2′ OH are
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Table 1
Helical parameters for helix I and helix II.*
Base pair Base step
Base pair X-displacement C1′–C1′ l1 l2 Rise Twist Slide
(Å) (Å) (°) (°) (Å) (°) (Å)
G1–C24 –3.7, –3.8 10.6, 10.7 55.8, 55.6 57.3, 54.5
2.2, 2.3 41.4, 41.2 –1.7, –1.6
G2–U23 –3.9, –3.8 10.2, 10.5 45.8, 43.7 67.7, 65.1
2.6, 2.2 28.0, 27.6 –0.7, –1.1
C3–G22 –4.1, –4.1 10.4, 10.6 55.1, 54.8 56.1, 52.9
2.6, 2.5 34.7, 34.5 –1.6, –1.5
G4–C21 –4.3, –4.4 10.3, 10.5 53.2, 55.7 59.8, 57.3
2.3, 2.5 31.5, 30.2 –1.3, –1.2
C5–G20 –4.1, –4.1 10.1, 10.2 59.5, 58.7 56.5, 54.4
2.1, 1.8 25.1, 29.6 –1.2, –1.2
U6–U19 –3.8, –3.7 8.1, 8.4 80.2, 78.3 50.2, 50.2
1.6, 1.5 57.4, 54.7 –2.2, –2.5
U7–U18 –3.2, –3.6 8.2, 8.7 47.3, 46.8 79.5, 77.8
2.1, 2.1 28.5, 25.8 –1.2, –1.5
G8–C17 –3.9, –4.3 10.5, 10.3 51.2, 53.4 56.1, 59.1
2.6, 2.4 28.8, 31.7 –0.5, –1.2
C9–G16 –4.4, –4.7 10.4, 10.8 54.8, 53.1 51.9, 53.6
2.5, 2.7 34.1, 31.7 –1.9, –1.6
G10–C15 –3.9, –4.4 10.4, 10.4 53.9, 56.2 57.9, 56.4
2.2, 2.1 28.5, 30.1 –1.1, –1.3
U11–G14 –4.0, –4.1 10.5, 10.3 68.7, 64.4 47.5, 46.2
2.3, 2.3 41.4, 39.1 –1.7, –1.9
C12–G13 –4.0, –4.3 10.4, 10.7 55.5, 55.6 51.8, 52.1
*Parameters were calculated using NEWHEL93 by RE Dickerson,
available from the Brookhaven Protein Data Bank. The helical axis was
defined by the C1′ and N1 or N9 atoms for two stems: residues (1–5,
20–24) for the first six base pairs; and residues (8–17) for the second
six base pairs. The base step parameters reported for the base step
between U6–U19 and U7–U18 were averaged from the results for the
two stems.
used most extensively in these two contacts, phosphate
oxygens, and minor groove atoms are also used as has been
seen in other RNA structures [14,19,25–27].
The quasi-continuous helices are not in a position to form
truly continuous helices; each helix is shifted relative to 
its symmetry mate (Fig. 5d). The base step parameters for
the ‘step’ between symmetry mates have a large neg-
ative slide (–4.1 and –3.7 Å), low twist (13.4° and 8.9°), and
a low rise (1.7 Å). Phosphate linkages between helices
could not be modeled across the junction between
symmetry mates. The stacking between the base pairs 
at both junctions is unusual in that the guanosines from
the two duplexes stack to overlay their six-membered
rings (Fig. 5d).
Stacking analysis
Another unusual aspect of the U–U base pairs is the amount
of stacking between the bases. The stacking interactions
were examined by calculating the amount of solvent acces-
sible surface area buried when two base pairs were brought
together to form a base step (Fig. 6). The U–U base pairs
are smaller than the purine-pyrimidine base pairs and so
have less surface area to bury. Nonetheless, the amount of
non-polar area buried is comparable to purine-pyrimidine
base pairs. The U–U base pairs do bury less polar surface
area than other base pairs because of the high accessibility
of the O4 atoms of uridines in the open conformation. The
surface area buried between two quasi-continuously
stacked dodecamers is also smaller than between canonical
base steps, but like the U–U base pairs, the amount of 
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Figure 4
The base step between U–U base pairs. (a)
Stereo view down the helical axis of helix I
showing the stacking at the base step
between U–U base pairs. The U–U base pairs
are shown in ball-and-stick form and the other
atoms in wire frame form. U6–U19 is shaded
in dark gray; U7–U18 is in light gray. Carbon
atoms are shown in green, nitrogen in purple,
oxygen in red, and phosphorous in magenta.
Hydrogen bonds formed between the bases
are indicated by dashed lines. (b) Stereo view
of the U–U base pairs in the four CUUG
hexamers. The hexamers were superimposed
on each other using their first five base pairs
(e.g. residues 1–5 and 20–24). (c) Stereo
view down the helical axis of helix I illustrating
the stacking at the base step between
C5–G20 and U6–U19. The C5–G20 base
pair is in dark gray ball-and-stick form, and
U6–U19 is in light gray. The helix is shown in
wire frame representation. The coloring
scheme for the atoms is the same as in (a).
Dashed lines indicate the hydrogen bonds
formed between the bases. The stacking of
U–U base pairs on C–G base pairs is similar
in all four instances in the asymmetric unit; the
rmsd of the bases is 0.20–0.27 Å. (Figure











non-polar surface area buried is comparable to canonical
base pairs. At the interface between the two helices, the
ribose backbone stacks over the ring of the pyrimidine in
the adjacent helix (Fig. 5b). Thus, base steps involving
U–U base pairs, or junctions between quasi-continuous
helices, bury less surface area than canonical base steps
because of a reduction in the amount of polar area buried.
Comparison to the UUUG structure
The symmetry of the U–U base pairs in the CUUG
duplexes contrasts with the asymmetry seen in the UUUG
structure [14]. The base step between U–U base pairs is
similar in both structures in that it has a short rise and a
large twist angle (Fig. 7). However, the U–U base pairs in
CUUG and UUUG are very different. One U–U base pair
in the UUUG structure makes the same hydrogen-
bonding pattern as the U–U base pairs in the CUUG
structure (Fig. 7c). But the other U–U base pair in the
UUUG structure makes only one hydrogen bond; a very
large propeller twist breaks the N3–O2 interaction
(Fig. 7a,b). The U–U base pairs also differ in their values
of l. While one uridine in each UUUG U–U base pair is in
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Figure 5
Interactions between symmetry related
molecules. (a) Stereo view of the unit cell with
the helical axis of helix I parallel to the plane of
the paper and helix II oriented perpendicularly
to the plane of the paper. The view is looking
down the b axis of the crystal towards the
origin. One molecule of helix I is drawn with
thick lines. (b) Stereo view of one contact
between helix I (residues 1–4 and 21–24,
shown in black) and helix II (residues 7–10,
12 and 15–18, shown in gray) including four
water molecules that make contacts to both
helices (shown as gray spheres). The
orientation of the helices is as in (a). (c)
Stereo view of one contact between helix I
(residues 7–10 and 15–18, shown in black)
and helix II (residues 2–4 and 21–23, shown
in gray) including three water molecules that
make contacts to both helices (shown as gray
spheres). The orientation of the helices is as
in (a). (d) Stereo view of the stacking
interactions between helix I molecules. The
terminal base pair, between residues 12 and
13 of one helix, is shown in dark gray and the
first base pair, between residues 1 and 24 of
the next helix, is shown in light gray.
a more open conformation than the other, the change in l
is significantly less than observed in the CUUG dode-
camer. The uridine in the open conformation of UUUG
has l = 62–64°; the uridine in the closed conformation has
l = 41–48°. In contrast, the open and closed l angles of
the U–U base pairs in CUUG are 78–80° and 47–50°,
respectively. The differences between these structures
suggest that the structure of U–U base pairs are sensitive
to the flanking sequence or environment or both. In either
structure, U–U base pairs are flexible.
The difference between the two structures can explain
their different stabilities. U–U base pairs flanked by U–G
base pairs (as in UUUG) disfavor duplex formation by 2.5
kcalmol–1, whereas U–U base pairs flanked by C–G base
pairs (as in CUUG) favor duplex formation by 0.5 kcal mol–1
[28]. The loss of one direct hydrogen bond between
uridines in the UUUG structure is sufficient to account for
this difference. The cause of the different geometries
adopted by the U–U base pairs, however, remains unclear.
Comparison to trans U–U base pairs
Tandem U–U base pairs have also been observed between
RNA duplexes with UU overhangs [29]. The overhanging
UU nucleotides in the hexameric sequence UUCGCG
form base pairs with the UU nucleotides of another mol-
ecule in the crystal to form quasi-continuous helices, i.e.
molecules A and C form base pairs U1a–U2c and U2a–U1c
(Fig. 7d). The two base pairs have the same structure
because they are related to each other by a crystallographic
twofold axis. The base pairs form hydrogen bonds
between U1a O4 and U2c N3(H) and between U1a C5(H)





G2 N2 C17 O2′ 2.76
G2 N2 C17 O3′ 3.00
C3 O2′ C17 O2P 2.65
G4 O4′ G16 O3′ 2.91
G22 O2′ G16 N2 3.13
U23 O2P G10 O4′ 3.03
U23 O2P C9 O2′ 2.68
U23 O2 C17 O2′ 2.83
U23 O2′ C17 O2′ 2.58
U23 O2′ C17 O2 2.70
U23 O3′ G8 N2 3.11
C24 O2P G8 N2 3.16
C24 O4′ C17 O2’ 3.16
W1 O G16 O2’* 2.78
W1 O G22 N2 3.11
W1 O G22 N3 2.61
W2 O U18 O2P* 2.64
W2 O G2 N3 3.09
W3 O G10 N3* 2.86
W3 O G10 O2′* 2.67
W3 O G22 O2′ 2.62
W4 O G8 O2′* 2.58
W4 O C9 O4′* 2.95
W4 O C24 O2P 2.49
Contact 2
G8 N2 G22 O2′ 2.83
C9 O2P G4 O4′ 3.20
C9 O4′ G22 N2 3.11
C9 O2 U23 O2′ 2.67
C9 O2′ U23 O2′ 2.63
G16 N2 U23 O3′ 2.99
C17 O2′ U23 O2P 2.46
U18 O2′ G22 O2′ 2.67
W5 O G2 N2* 2.93
W5 O G10 O2P 2.80
W6 O C3 O2′* 3.09
W6 O C9 O2P 2.78
W7 O G22 N2* 2.95
W7 O G22 N3* 2.61
W7 O G8 O2′ 2.77
W7 O C9 O4′ 3.16
W7 O G8 N3 3.04
Water–RNA contacts are to helix II when labeled with an asterisk and
otherwise to helix I.
Figure 6
Buried surface area of base steps. The average value of the buried
area for helices I and II are plotted with bars extending to the individual
values for helix I and helix II. Solid lines connect base steps that do not
contain U–U base pairs, dashed lines connect base steps containing
U–U base pairs. The lone cG and Cg end points indicate the stacking
between the two co-axially stacked duplexes in the crystal. The buried
surface area was calculated as ( A1+A2– A12)/2, where A1, A2 and A12
are the solvent accessible areas of base pair 1, base pair 2 and the
base step formed by base pairs 1 and 2, respectively. The areas were
calculated for the non-hydrogen atoms comprising the bases using a




























and U2c O4 (Fig. 7e,f) by retaining the anticonformation
and using the Watson–Crick face of U2c and the Hoog-
steen face of U1a. The Hoogsteen face of U1a is presented
by changes in the backbone torsion angles b, e, and z that
rotate the base about 55 Å towards the minor groove. This
rotation, along with a ≈1 Å translation, would not be com-
patible with a continuous duplex (note positions of O5′
and O3′ termini in Fig. 7d). Thus, this trans U–U base pair
is apparently stable when located at the terminus of a
duplex but would require large deformations if it were
located within a continuous duplex.
Biological implications
The diversity of functions executed by RNA and the
complexity of its secondary structure indicate that we are
only just beginning to understand the principles of RNA
structure and how they relate to biological functions.
Much work lies ahead as we determine the three dimen-
sional structure of RNAs from diverse systems and
connect their functional properties to the underlying
structure. One task is to understand how RNA mol-
ecules utilize non-canonical base pairing to modify the
structure and stability of duplex regions. The structure of
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Figure 7
Comparisons to other tandem U–U base
pairs. (a) Stereo view of residues 5–8 and
17–20 of the GUUU structure (gray)
superimposed upon CUUG (black). The
bases of residues 6,7,18 and 19 were used
for the superposition (rmsd = 0.63 Å). (b) The
base pair between residues 6–19 in GUUU
(gray) and CUUG (black) superimposed as in
(a). The view is down the helical axis. (c) The
base pair between residues 7–18 in GUUU
(gray) and CUUG (black) from the same
viewpoint as (b). (d) Stereo view of residues
from the UUCGCG hexamer structure (gray)
superimposed upon CUUG (black). Four
symmetry related strands from the hexamer
structure are shown. The correspondence
between hexamer residues (strands A, B, C
and D) and CUUG residues is: A1–A3=6–8;
B6=5; C1–C3=18–20; D6=17. The
backbone of the hexamer structure
corresponding to CUUG residues 5–8 and
17–20 were used for the superposition (rmsd
= 2.80 Å). The O5′ and O3′ termini of the
hexamer strands are shown as gray spheres.
(e) The base pair corresponding to residues
6–19 in the UUCGCG hexamer (gray) and
CUUG (black) superimposed as in (d). The
view is down the helical axis. (f) The base pair
corresponding to residues 7–18 in the
UUCGCG hexamer (gray) and CUUG (black)
from the same viewpoint as (e). 
the dodecamer GGCGCUUGCGUC (CUUG) shows
how a duplex region of RNA can adopt a structure that
is significantly different than A-form RNA and how
tandem U–U base pairs can be stable.
There are two types of deviation from A-form RNA in
CUUG. The first type is caused by the presence of
tandem U–U base pairs. Each U–U base pair makes
two direct hydrogen bonds and the helix structure must
be perturbed in order to form these base pairs. The
major and minor groove widths decrease because of the
U–U base pairs. Part of the deformation is localized to
the base step between the U–U base pairs and part
requires a 7–16° rotation of one of the adjacent helical
stems. The second type of deviation seen is a smaller rise
per base pair. This does not seem, however, to be caused
by the tandem U–U base pairs. In CUUG, the overall
effect of the smaller rise and the deformations caused by
the tandem U–U base pairs is to create a helix which is
as long as 11 nucleotide A-form RNA with a helical
pitch corresponding to approximately 11.5 base pairs of
A-form RNA. Comparison of the CUUG structure to
the previously determined structure of UUUG shows
that the structure of the tandem U–U base pairs
depends on the flanking sequence, environment, or both.
However, in both cases the tandem U–U base pairs
deviate significantly from A-form RNA. 
Thus, tandem U–U base pairs may be used in large
RNA structures to form structures that would not be
possible with A-form RNA. In contrast to canonical base
pairs, U–U base pairs present only hydrogen bond accep-
tors, O4 and O2 atoms, in the major and minor grooves,
respectively. Tandem U–U base pairs, therefore, exhibit
a unique pattern of hydrogen-bond donors and acceptors
in the major and minor grooves that could act as a recog-
nition site. Tandem U–U base pairs could also be recog-
nized by the decrease in the width of the major and
minor grooves. Finally, tandem U–U base pairs may be
used to tune the structure of large RNAs as they can
alter the course of the helix axis by 11–12°.
Materials and methods
RNA synthesis and purification
Dodecamer RNA was prepared by transcription with T7 RNA poly-
merase from a single-stranded DNA template containing a 17 base
pair double stranded promoter region for the polymerase [30].
Optimum transcription yields from a 10 ml reaction were obtained
with 40 mM Tris-HCl pH 8.0, 50 mM magnesium acetate, 1 mM sper-
midine, 10 mM dithiothreitol, 6.4 mM CTP, 4.8 mM UTP, 8.0 mM
GTP, 5.0 mM GMP, 0.05% Tween-20, 1 mM template DNA, and
0.04 mg ml–1 T7 RNA polymerase. All components except the poly-
merase were preincubated at 37°C for 15 min. The polymerase was
added and the transcription reaction was incubated at 37°C for 4h at
which time the polymerase concentration was doubled to 0.08 mg
ml–1. Transcription was allowed to continue at 37°C for a further 4h
and was then quenched by adding 1 ml of 0.5 M EDTA pH 8.0, fol-
lowed by 1 ml 3.0 M NaOAc pH 5.5 and 25 ml ethanol. The transcrip-
tion product was precipitated overnight at –20°C. The mixture was
centrifuged at 17,000 g for 1h and the pellet dissolved in a minimal
amount of deionized distilled H20, typically 2–3 ml.
Purification of the dodecamer RNA proceeded through a four step
process: size exclusion chromatography, phosphatase digestion, dena-
turing polyacrylamide gel electrophoresis (PAGE), and anion exchange
high pressure liquid chromatography (HPLC). The RNA sample was
applied to a 22ml P-4 Biogel size exclusion column equilibrated with
50 mM Tris-HCl pH8.5, 0.1mM EDTA; 2.5 ml fractions were collected
and the RNA concentration determined from the absorbance at 260nm.
Two peaks eluted from the column; the first contained the desired
product and long transcription ‘aborts’. The second peak contained
short RNA aborts, nucleotides and salts.
The RNA was treated with calf intestinal alkaline phosphatase (CIAP) to
generate molecules with 5′ hydroxyl termini. The transcription reaction
produced molecules with 5′ triphosphate or 5′ monophosphate termini
depending on whether GTP or GMP was incorporated as the first
nucleotide. Fractions from the size exclusion column were pooled and
1 ml CIAP (1 unit ml–1) was added per 50 nanomoles of RNA 5′ termini.
The reaction was incubated at 37°C for 1h and stopped by the addition
of 1/10th volume 0.5 M EDTA pH 8.0 and heating at 65°C for 10 min.
The RNA was then purified by 20% denaturing PAGE. Plates with
dimensions of 42 cm ×37 cm and 45 cm ×37 cm were used with 0.3 cm
spacers; these dimensions make a gel with a volume of about 500 ml.
The gels were pre-electrophoresed at 45 W for 6h. The RNA was then
electrophoresed at 45–50 W for 8–10 h at 45°C as measured with a
liquid crystal strip thermometer attached to the glass plate (Bio-Rad
Laboratories). Four separate gels were run for a typical 10ml transcrip-
tion reaction. The full length transcription product was visualized by UV
shadowing and the product band (approximately 15 ml) was excised
with a sterile razor blade. The gel pieces were frozen at –20°C for 1h,
then crushed with an autoclaved mortar and pestle. The RNA was
eluted from the gel with 30 ml of 10 mM Tris-HCl pH 7.5, 1 mM EDTA,
and 500 mM NaCl, per 15 ml crushed gel, and shaking overnight
(6–12h) at 4°C. The eluted RNA was recovered by removing particu-
late acrylamide with a sterile Nalgene disposable 0.2 mm filter unit, and
then precipitating with sodium acetate and ethanol as described above.
The pellet was redissolved in a minimal amount of water, typically 1ml.
The final purification step used anion exchange HPLC with a Dionex
column (Nucleopac TM PA-100, 22×250 mm). The column heater was
set at 90°C to denature secondary structure. The gradient ranged from
160–800 mM NH4Cl in 25 mM Tris-HCl pH 8.0 and 0.5% acetonitrile
with a flow rate of 1.5 ml min–1. This protocol has been optimized for 400
mg dodecamer RNA per run. Dodecamer RNA eluted at about 450 mM
NH4Cl. The RNA was then desalted and concentrated with successive
sterile water washes in Centricon-3TM units (Amicon). One 10 ml tran-
scription reaction typically yielded 1.2 mg of 96–99% pure dodecamer.
CUUG with a bromo-uridine at position 11 was synthesized on an
Applied Biosystems Model 394 DNA synthesizer using phospho-
ramidite chemistry [31] and commercially available phosphoramidites
(Glen Research). The PAGE and HPLC procedures used for purifying
unmodified CUUG were used to purify the derivative. The derivative was
kept in the dark during deprotection, gel electrophoresis, and storage to
minimize light induced debromination. 
Crystallization
The RNA was re-annealed prior to crystallization. A solution of 1.25mg
ml–1 RNA and 10 mM MgCl2 was heated at 65°C for 5 min in a dri-
block. The dri-block was removed from the heating element and allowed
to cool to room temperature over ≈30 minutes.
The dodecamer RNA was crystallized by vapor diffusion with either
hanging drop (LinbroTM plates and silanized glass cover slips) or sitting
drop (Cryschem) set-ups. The initial drop contained 0.63 mg ml–1 RNA,
12.5 mM MgCl2, 25 mM sodium cacodylate (Sigma) pH 7.0, 2.5% or
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5% 2-methyl-2,4-pentanediol (MPD) (Aldrich), and 100–300 mM
ammonium acetate (Mallinkrodt). The reservoir solution consisted of 5
or 10% MPD, 50 mM sodium cacodylate pH 7.0 and 15 mM MgCl2.
The trays were set-up at room temperature and then incubated at
37°C. Crystals grew in three to seven days and were typically
250 ×150 × 100 mm in size.
Crystals of the derivative dodecamer were set-up using the same con-
ditions as the native dodecamer. When crystals were not observed
after two weeks, additional RNA (1.9 mg) was added to the drops to
obtain crystals. Crystals with the same morphology as the native then
grew within one week. Both native and derivative crystals belonged to
space group P1 with unit cell dimensions a=29.4 Å, b=28.9 A, c=46.5
Å, a=98.9°, b=72.9°, and g=96.1°.
Cryocooling
Crystals used for the structure determination were stabilized in three
steps. The first step was to equilibrate the crystals to room temperature
by placing the 37°C crystallization trays in a Styrofoam box and transfer-
ring the box to room temperature. After an overnight equilibration to
room temperature, the crystals were soaked in 20% glycerol stabilizer for
15 min to 1 h. In the final step, the crystals were soaked in 30% glycerol
stabilizer for 5–30 min. All stabilizer solutions also contained 10% MPD,
50 mM sodium cacodylate pH 7.0, and 25 mM MgCl2. The crystals were
mounted directly from the 30% glycerol stabilizer with an ethilonTM loop
attached to a magnetic base [32]. The crystal was immediately plunged
into freshly thawed liquid propane.
Data collection
X-ray data were collected with a Siemens X100 area detector and a
Rigaku RU-200BH rotating-anode X-ray generator with a Huber
graphite monochromator operated at 50 kV and 50 mA. During data
collection the crystals were maintained at 100K in a stream of liquid
nitrogen from an Oxford Cryostream Cooler. Both native and derivative
crystals were twinned. The X-ray data were reduced with a set of pro-
grams developed in the lab for processing data from twinned crystals
[33] and XDS [34]. X-ray data from each of the two lattices in the
twinned crystals were processed individually and then merged with
XSCALE [34]. Data collection statistics for the native and derivative
data sets are summarized in Table 3.
Structure determination
Molecular replacement calculations were carried out with the AMoRe
program [35]. The unit cell volume suggested that there were two
copies of the dodecamer duplex in the unit cell. Two search models
were used: a canonical A-form model with a similar sequence to the
dodecamer, generated with InsightII (Biosym Inc., San Diego, CA); and
later a dodecamer containing the Escherichia coli Shine-Dalgarno
sequence [27] with the sequence changed to that of the dodecamer. A
molecular replacement solution was found only with the second search
model. The second search model was chosen because it had a lower
rise (2.64 Å /residue) than the A-form model and the unit cell edges
suggested that the CUUG dodecamer helix would have a lower rise
than canonical A-form.
Six molecular replacement trials with the second search model were run
at different resolution ranges: 15–6, 10–4, 10–6, 15–10, 15–4, and
15–5 Å. Once a rotation search was run, all combinations of the top 50
solutions were input pairwise into a translation search. One rotation
solution was fixed and a translation search was run on the second rota-
tion solution. Finally, the top 50 translation search solutions in each res-
olution trial were subjected to a round of rigid-body minimization. Even
after rigid-body minimization, the top solution in each trial did not stand
out distinctly from the other solutions. The top solution from each reso-
lution trial was examined with InsightII and its packing examined. In all
but one of the molecular replacement solutions (the 15–10 Å solution),
the two copies of the dodecamer duplex were oriented at approximately
a 90° angle to each other. Because the crystals belonged to space
group P1, the origin of the first helix in each solution had been deter-
mined arbitrarily and none of the solutions superimposed upon each
other. Five solutions had reasonable packing and coaxial stacking of the
helices; only the 15–10 Å solution had unreasonable packing. 2Fo–Fc
electron-density maps of the two solutions with the best R factors were
calculated and examined with O [36]. The 15–4 Å solution model was
selected for further refinement.
After one round of simulated annealing refinement in X-PLOR [17], the
molecular replacement solution had an R factor of 30.3% and R free of
45.2%. In addition to the high R factors, examination of the 2Fo–Fc elec-
tron-density map also suggested that something was wrong with the
model. The dodecamer has 5′ hydroxyl termini, but density for 13 con-
secutive phosphates was observed in the map, and one of the helices
looked out of density at the junction between symmetry mates. This indi-
cated that one or both of the helices was out of register. In an attempt
to find the correct register, each helix was individually advanced one
base pair at a time, and refined with simulated annealing. No significant
improvements in R factor were observed for any of the shifted models.
In order to determine the correct register of the two helices, data from
a dodecamer with 5-bromo-uridine at position 11 was collected. Rcross
between the bromine derivative and the native data set was 8.2%. A
difference Fourier (FBr-Fnat coefficients and model phases) was calcu-
lated and the difference map was examined. The position of the top
four difference peaks, at 4–7s, clearly indicated the positions of the
bromines and the correct position of the duplexes. Helix I was out of
register by one base pair and helix II by two base pairs. After refinement
of the corrected model, the difference Fourier was recalculated and the
top difference peaks were at 11–14s.
Structure refinement
The corrected model was refined with X-PLOR by rigid-body minimiza-
tion, conjugate gradient minimization, simulated annealing, and individ-
ual isotropic temperature factor refinement. The RNA-DNA topology
and parameter set (from H Berman’s group) was used during refine-
ment [37]. After one cycle of refinement, the R factor had dropped to
23.6% and Rfree to 33.3%. New electron-density maps were calculated
and examined; no rebuilding of the corrected model was required. Addi-
tional rounds of refinement consisted of the addition of solvent sites, fol-
lowed by conjugate gradient minimization and B factor refinement.
Solvent molecules were assigned to sites with Fo–Fc difference peaks
greater than 3s and which formed a potential hydrogen bond with the
RNA or solvent. During refinement, solvent sites were treated as oxygen
atoms with an occupancy of one. A bulk solvent correction was applied
after the first cycle of solvent addition. The final model contains two
copies of the dodecamer duplex and 158 solvent sites in the unit cell.
The R factor is 19.1% and Rfree is 24.0% for data greater than 2s in the
8.0–2.4 Å resolution shell (Table 4).
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Table 3
Data collection statistics.
Crystal 1 Crystal 2 Merged native Br-derivative 
No. of reflections 17 370 9227 26 632 3687
No. of unique 
observations 5187 4811 5429 3192
Rmerge* (%) 7.1 5.0 7.6 –
Rsym† (%) – – – 2.7
Rcross‡ (%) – – – 8.2
Completeness (%) 91.2 84.6 95.4 85.5
<I/s> 38.5 22.4 44.6 9.3
Resolution (Å) 2.4 2.4 2.4 2.8
R=[ΣhΣi|(Ihi– < Ih>)| /ΣhΣiIhi]. * Data from two lattices; †data from one
lattice; ‡a comparison between the derivative and the native data.
Accession number
The atomic coordinates have been deposited in the Nucleic Acid Data-
base (http://ndbserver.rutgers.edu:80/).
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No. of reflections > 2s 5142
No. of non-hydrogen RNA atoms 1008
No. of solvent molecules 158
R factor (%) 19.1
Rfree (%) 24.0
Rms deviations from ideality
bond length (Å) 0.01
bond angle (°) 1.26
dihedral angle (°) 8.0
improper angle (°) 1.50
